Lateritic soil with high liquid-limits is commonly used for roadbed construction. However lateritic soil has properties that are sensitive to moisture, and therefore a common method of treating the soil is by adding lime to it. However, it is difficult to mix lime with lateritic soil homogeneously in the field as lateritic soil is prone to agglomeration. Therefore, agglomeration size is important and in this study, soil agglomerates are tested for their California bearing ratio (CBR). Lime (Ca(OH) 2 ) is added to one of the groups of soil samples and the other group is left untreated. The results show that soil that has been treated with lime both hardens and softens, which is related to the agglomerate size, whereas the untreated soil just hardens. The agglomerate size that corresponds to the maximum CBR value is not consistent with that of maximum dry density. Moreover, the CBR values of soil that has been treated with lime are higher than those of the untreated soil for an agglomerate size that ranges from 0.5 mm to 2 cm. Beyond this range, the addition of lime does not improve the lateritic soil. Compaction status and water intrusion are two important influential factors on CBR values. Therefore, it is necessary to take further measures to prevent moisture infiltration and migration of water.
Introduction
Lateritic soils are widely found worldwide, especially in humid tropical and subtropical zones. They are a type of highly weathered material, rich in secondary iron oxides and/or aluminum (Gidigasu, 1972) . Their geotechnical properties range from inferior to excellent. Sometimes, lateritic soils perform well when used in roads, airport subgrades, and dam foundations, as they are compatible with gravel components (da Silva, 1967; Hirashima, 1951; Little, 1967) . However, lateritic fine grained soils may be unsuitable as engineering filling materials due to high water content and their moisture sensitivity. In Hunan, a Province located in the central part of China, there is an abundance of lateritic fine grained soil which has been used to build over 30 highway routes in the most recent decade. Consequently, there have been many challenges. In summary, the challenges include: (a) poor compaction due to high moisture content; (b) sensitivity to fluctuations in moisture, where strength may be significantly reduced with a slight increases in water content; and (c) serious agglomeration and difficulty in compaction in the field. Due to the above reasons, lateritic soil should not be used when more suitable materials are available unless only laterite is found near the highway routes, and no other suitable filling materials can replace it. If laterite is used for availability and economic reasons, its properties can be improved using additives. The addition of lime or cement is a common method that addresses some problems of lateritic soil. Many researchers have carried out experiments that add lime or cement to soil in laboratory experiments (see Ola, 1977; Akoto, 1986; Osula, 1991; Bell, 1996) , and the tested specimens could be homogeneously and easily mixed with soil particles less than 5 mm. The testing results also demonstrated that these are good stabilizers. However, aggregated laterite is difficult to separate in the field, see Fig. 1 . Although aggregated laterite could be crushed into pieces using machinery, this may increase engineering costs and prolong construction time. It is not a viable method for a developing country where these two factors are an important consideration. In this research, aggregated soils have been subjected to compaction using a rotary tiller, and agglomerated soil with larger particle size has been tested in laboratories. However, lime or cement applied to aggregated soils in the field may only be a surface treatment. Compaction is ineffective due to inhomogeneous mixing, and thus many researchers believe that this method is not effective in the field. Currently, a few studies have quantified the effects of soil aggregate size on geotechnical properties (Cai et al., 2005; Carminati et al., 2008; Tang et al., 2011) , but the diameter of the samples used in their experiments is less than 1 cm. Comparatively, most researchers have focused on the effects of aggregation on tillage and soil erosion (Oztas and Fayetorbay, 2003; Reuss et al., 2001; Murungu et al., 2003; Barthès and Roose, 2002) .
The samples used in the trial experiments to determine axial stress and direct shear strength are small, and the maximum particle size may pass through a 5 mm sieve. An evaluation of the agglomerate effect cannot be carried out using small samples. The California bearing ratio (CBR) test allows evaluation of the maximum solid particle size up to 4 cm. Besides that, the CBR is a primary method to evaluate filling materials for road engineering. In this paper, the intention is to determine a suitable agglomerate size of aggregate soil for use in the field to maintain a long term performance.
Experimental program

Materials
Lateritic soil was collected from a highway in Hunan Province, China, located at a section between the cutting and filling area, see Fig. 2 . The lateritic soil was brickred, fine and smooth. The samples were air dried instead of oven dried to avoid the disturbance of their intrinsic bonds. The crushed materials were passed through a 40 mm sieve and used in a standard compaction test to obtain the optimum water content (OWC) and maximum dry density. The consistency and specific gravity properties of the lateritic soil samples were determined by passing the samples through 0.5 and 5 mm sieves, respectively. The basic properties of the samples were tested in accordance with the Test Methods of Soils for Highway Engineering (JTG E40, 2007) , which was modified with reference to the ASTM, and the results are shown in Table 1 . The chemical compositions of the lateritic soil samples are shown in Table 2 .
The liquid limits of the lateritic soil samples are greater than 50%, and thus categorized as high liquid limit clay. The OWC is 6%, which is less than that of their natural water content, and this means that if compaction is to take place at OWC, the reduction of soil moisture may require additional time and funds. The addition of lime therefore could be an immediate solution instead (see Fig. 3 ). Lime was obtained from the Zhijiang Mine Kiln in Yi Chang, Hubei Province. The chemical composition of the lime is shown in Table 3 .
Sample preparation
After the lateritic soil agglomerates were air-dried, they were passed through seven different sizes of sieves. The range of the aggregate sizes is shown in Table 5 . Each soil sample was categorized (A, B, C, D, E, F, or G) based on size. Six identical samples were prepared for each category with three of the samples stabilized with lime (soil treated with lime), and the other three samples were maintained in their original state (untreated soil) for comparison purposes with the lime treated soil samples. The average value of the three tested specimens was taken as the final result.
The target water content of the specimens is 32.8% which is over the OWC by 3%. Based on the initial water content, the amount of distilled water was determined and carefully added and sprayed onto the samples. The samples were then sealed in plastic bags for 5-6 days until the soil agglomerates were completely wetted.
After the samples were completely saturated, 4% by weight of lime was added to half of the samples, and at the same time, water was sprayed onto the samples during the mixing process, in which the total mass could be calculated based on the initial water content (0%) and targeted water content (32.8%). The soil-lime mixture was allowed to stand for 4 h before undergoing CBR testing.
Experimental steps
The experiment comprised compaction, soaking and CBR testing. The apparatuses for compaction and CBR testing are illustrated in Fig. 4 . The details are provided in Table 4 .
Compaction
The soil or soil-lime mixed samples were placed into three layers in a mold. Each layer received 98 blows from a rammer with a mass of 4.5 kg which was dropped from a distance of 45 cm. Then, the excess from the last layer was trimmed and the total gravity weighed to calculate the density.
Soaking
The specimens on the mold, after undergoing compaction, were placed onto a rigid porous plastic square board, and swelling was prevented by tightly linking the mold and board. A porous plastic circle was installed (diameter of 150 mm) and a bar that was 10 cm in length attached at the center to measure swelling deformation. Then, four annular slotted metal weights were placed onto the sample, each with a mass of 1.25 kg, 150 mm in diameter and a center hole of approximately 52 mm. The mold and the weights were immersed into water, which allowed water to freely access the top and bottom of the specimen, and maintain a constant water level 25 mm above the specimen during this period of time. Initial measurements were taken for swelling and the specimens were allowed to soak for 96 h.
California bearing ratio
After soaking, all encloses were removed and the water around the samples was removed. A surcharge of weights was applied on the specimen, sufficient to produce an intensity of loading equal to that used during the soaking period. To prevent upheaval of the soil into the holes of the surcharge weights, 2.25 kg of annular weights were placed onto the soil surface prior to seating the penetration piston, after which the remainder of the surcharge weights were used. The samples were placed on the platform of the instrument and the penetration piston was seated with the smallest possible load, which did not exceed 45 N. The stress and penetration gauges were set to zero. This initial load is required to ensure satisfactory seating of the piston and shall be considered as the zero load when determining the load penetration relation. The strain gage was anchored onto the load measuring device.
The loading machine was equipped with a movable head or base that travels at a uniform rate of 1-1.2 mm/min for use in forcing the penetration piston (diameter of 50 mm, length of 100 mm) into the specimen. Meanwhile, the machine was equipped with a load cell. The load readings were recorded at penetrations of 0.2, 0.4, 0.6 mm, and so on. When the penetration was at 2.5 mm, at least 5 recordings were obtained. Hence, the first penetration record was at around 0.3 mm. The soil samples were removed from the mold and the moisture content of the top layer at 4 cm was determined. Using stress values taken from the stress penetration curve at 2.5 mm and 5 mm, the bearing ratios were determined for each sample by dividing the corrected stresses by the standard stresses of 6.5 MPa and 10.5 MPa respectively, and multiplying by 100. Also, the bearing ratios were determined for the maximum stress, if the penetration was less than 5 mm by interpolating the standard stress.
Results and discussion
Damage mode analysis
The relationships between penetration and the unit pressure of the lateritic and lime treated soils with different aggregate sizes are shown in Fig. 5 . Fig. 5(a) shows that the unit pressure increases with penetration for the untreated soil. For soil that has been Table 5 Values of CBR tests.
Soil particle size <0.5 mm 0.5-2 mm 2-5 mm 5-10 mm 1-2 cm 2-4 cm 4-6 cm Lateritic soil (%) 5.5 6.0 6.2 8.9 3.6 3.0 2.3 Lime treated soil (%) 8.9 33.4 40.9 29.0 6.1 5.5 2.8 treated with lime, however, there is a similar pattern in pressure increase as that of the untreated soil when the soil agglomerate size is greater than 1 cm, but the unit pressure increases at first, and subsequently decreases at the yield point when the soil agglomerate size is less than 0.5 cm, see Fig. 5(b) . Based on the relationship between the unit pressure and penetration, the soil that has been treated with lime exhibits a typical hardening and softening process, see Fig. 6 . The damage patterns of the soil that has been treated with lime reflect the effectiveness of lime. If the particle size of the agglomerated soil is too large, lime just sits on the surface. Although these soil agglomerates would be partly compacted, the lime has reacted with the soil clay in some places, see Fig. 7 ; in other words, the clay inside the aggregates has not stabilized, and could be easily compressed under external pressure, and thus hardening takes place. When the soil agglomerate particle size is smaller, the proportion of clay in the inside the aggregates is dramatically reduced, and a thin crust formed by the stabilizing effect of the lime may have a dominant role, which would further reduce the plastic properties of the inner soil layers. When force is exerted onto the soil, it should be able to overcome resistance due to the hard thin crust and binder between the soil agglomerate. Hence, the unit pressure rapidly increases with penetration, then is gradually reduced due to crushing and cracking of the hard thin crust and binder which is the yield point or peak point in the pressure versus penetration plot.
CBR strength characteristics
The results from the CBR tests are given in Table 5 and Fig. 8 . As shown in Fig. 8 , the CBR values of the untreated and lime treated samples have a similar trend, which increases then decreases after reaching a threshold value. The overall trend of the curves resembles a hump shape. The corresponding soil agglomerate size to the maximum CBR value is 5-10 mm and 2-5 mm for the untreated samples and those treated with lime respectively. The soil samples that have been stabilized with lime have a higher CBR strength than that of the untreated samples, especially when the soil agglomerate size ranges from 0.5 mm to 2 cm. The benefit of adding lime is obvious, as it can increase three to six times the CBR strength. Beyond this range, the CBR values are less than 3%, and not suitable for building subgrades according to highway standards. Therefore, the addition of lime as a means to improve lateritic soil becomes ineffective. On the other hand, the result indicates that an optimal soil agglomerate size ranges from 0.5 mm to 2 cm, which could be a reference for controlling the size of soil agglomerates in the field.
Effect of soil agglomerate size on strength
The variation in CBR with agglomerate size is superficial and the fact is that soil compaction and water intrusion are the two major factors that influence CBR strength.
Effects of soil compaction
The results of the compaction tests on the untreated and lime treated soil samples are given in Fig. 9 . All of the specimens have identical initial moisture conditions with the same compaction. Fig. 9 shows that the dry density of the untreated and lime treated soils first increases, but then decreases with an increase in agglomerate size. In summary, soil treated with lime has lower dry density after compaction than the untreated soil. Ola (1977) and Akoto (1986) provide the following two explanations for the phenomenon. Lime primarily causes aggregation of the particles so that they occupy larger spaces. This changes the grading of the soil. Secondly, the specific gravity of lime is, in most cases, less than the specific gravity of most lateritic soils. The maximum dry density is about 1.42 g/cm 3 , and the corresponding soil agglomerate size ranges from 0.5 mm to 2 cm. When the soil particle size is less than 0.5 mm, most of it is fine particles, aggregation cannot be detected, and the effect of compaction is not significant due to non-uniform grain distribution. As the particle size increases, there are more voids between and within them, but which also could produce a more instable soil fabric. Certainly, larger agglomerate particle size means a more instable soil fabric. Therefore, under the same compaction, there is a difference in the soil structure and pore size distribution.
When Figs. 8 and 9 are compared, it can be clearly seen that the range of the agglomerate particle size that corresponds to the maximum CBR values is not consistent with that of the maximum dry density. The former ranges from 5 to 10 mm and 2 to 5 mm for untreated and lime treated soils, respectively, but the latter is 0.5 mm to 2 cm. As the CBR values are based on soil samples that underwent compaction after soaking, the compacted soils have higher swelling potential, and may expand once immersed into water, which would result in a loss of binder strength. In other words, the CBR values are not only determined by compaction, but also related to the moisture in the surrounding environment.
Effect of water intrusion
The water absorption rate (I) was used to evaluate the amount of water exchange between the soil and the surrounding environment, which was calculated as Dw/ w Â 100%, where Dw is the amount of water absorption, and w is the dry soil weight. The swelling ratio (d) was calculated as Dh/h Â 100%, where Dh is swelling, and h is the original height of the sample.
The absorption rate and expansion ratio of the untreated and lime treated soil samples are presented in Fig. 10 . The swelling ratios of the untreated and lime treated soils are both lower with a particle size range of 2-10 mm. However, the absorption rate and swelling ratio of the untreated soil are much higher in other particle size ranges. However, the addition of lime has evident effects for a particle size less than 10 mm, where the absorption rate and swelling ratio are no more than 1.3%. The swelling potential is inhibited in the lime stabilized soil. Unfortunately, there are no improvements with the addition of lime for a particle size greater than 10 mm. Thus, it can be seen that controlling the agglomerate particle size is very important for soils that have been treated with lime in the field.
The absorption rates reflect the absorbing capability of the soil pores, whereas the swelling ratio reflects the pore volume increase due to water absorption. The swelling ratio was also used to evaluate water stability. Many researchers have demonstrated the mechanisms of water and clay soil interaction. Bolt (1956) indicated that free water would infiltrate into the soil particles, which would then translate into absorbed water or strong bonding water. As this saturated layer thickens, it forces particles apart from each other, and leads to an increase in the soil volume. However, if there is a binder used, expansion can be partially inhibited. Lime stabilization could enhance the binder. Therefore, agglomerate soil with smaller particle size can be improved by the addition of lime to resist expansive forces. If the particle size is too large, the lime would just form a thin crust on the surface of coiled soils. The clay in the soil agglomerate would expand quickly after absorption. When the swelling pressure is greater than the wrapping effect of the lime treated layer, cracks may initiate in the soil agglomerates. The swelling pressure is in positive correlation to the size of soil agglomerate. Hence, larger soil agglomerates have more conspicuous swelling and lower strength.
Lateritic soil is sensitive to moisture, especially during compaction. When sufficiently wetted, the sample surface easily became muddy. Therefore, a significant decrease in the CBR values was detected after soaking, and this is also the reason why the maximum CBR strength did not correlate with the maximum compaction strength.
Conclusions
Soil agglomerate size obviously has an influence on stabilization from treatment with lime in the field. It is therefore significant to determine the suitable particle size to obtain long term performance of soil that has been treated with lime. Based on the findings and results of this work, the following main conclusions are provided.
(1) There is a pattern of hardening of the untreated soil.
However, lime treated soil both hardens and softens, which is related to the agglomerate particle size. In general, softening gradually translates into hardening with an increase in the soil agglomerate size from 0.5 mm to 6 cm. (2) The correlation of soil agglomerate size to maximum CBR is not consistent with that of maximum dry density. This indicates that tightly compacted soil has a high swelling potential, which may mean a muddy surface due to moisture sensitivity when saturated for a lengthy amount of time. (3) The CBR values of lime treated soil are higher than those of untreated soil for soil agglomerate size that ranges between 0.5 mm to 2 cm. Beyond this range, the addition of lime to improve lateritic soil is ineffective. Hence, controlling of soil agglomerate size is an important construction procedure in the field. (4) The CBR of soils is influenced by two important factors, one is compaction status, and the other is water intrusion. It is thus necessary to take measures that will prevent moisture infiltration and water migration.
